Legionella surveillance is an important issue in public health, linked to the severity of disease and the difficulty associated with eradicating this bacterium from the water environment. Different treatments are suggested to reduce Legionella risk, however long-term studies of their efficiency are lacking. This study focused on the activity of a new formulation of hydrogen peroxide and silver salts, WTP828, in the hospital hot water network (HWN) to contain Legionella contamination during two years of treatment. The effectiveness of WTP828 was tested measuring physical-chemical and microbiological parameters such as Legionella, Pseudomonas aeruginosa (P. aeruginosa), and a heterotopic plate count (HPC) at 36 • C. Legionella isolates were identified by serotyping and genotyping. WTP 828 induced a reduction in Legionella-positive sites (60% to 36%) and contamination levels (2.12 to 1.7 log 10 CFU/L), with isolates belonging to L. pneumophila SG1 (ST1 and ST104), L. anisa and L. rubrilucens widely distributed in HWN. No relevant contamination was found for other parameters tested. The long-term effect of WTP828 on Legionella containment suggest the easy and safe application of this disinfectant, that combined with knowledge of building characteristics, an adequate environmental monitoring and risk assessment plan, become the key elements in preventing Legionella contamination and exposure.
Introduction
Hot and cold water systems (e.g., tap water installations, distribution systems, and cooling towers) are important sources of nosocomial and community-acquired infections caused by opportunistic waterborne pathogens. Among them, Legionella spp. are water-based organisms that cause lung infections when inhaled in an aerosol form [1] .
Several national standards have been established to ensure a high water quality using disinfection techniques that control and prevent the colonization of water systems by Legionella [2] . A wide variety of disinfection techniques, including chemical disinfection, ultraviolet (UV) light, and high temperature, have been employed worldwide to reduce the risk of legionellosis [3, 4] .
In Italy, Legionnaires' disease (LD) is a class II statutorily notifiable disease [5] ; since 1983, it has also been subject to a reporting system designed to collect detailed information about contamination cases, which is held in a national register at the Istituto Superiore di Sanità (ISS), Italy. However, according to ISS annual reports, the number of LD cases is under-diagnosed and under-reported, leading to a significant underestimation of the real incidence of LD. In 2017, the incidence rate was 33.2 cases per million persons [6] .
Following publication of the new Italian Guidelines for the Control and Prevention of legionellosis in May 2015 [7] , the importance of a surveillance program encompassing all facilities at risk of LD (hospitals, healthcare facilities, dental units, hotels, tourist facilities, and spas) has been acknowledged, and this program has been implemented. The guidelines support the development of a risk assessment plan based on an evaluation of "risk" and also emphasize the need for an adequate environmental surveillance plan that includes an appropriate number of sites that are potential sources of Legionella.
A recent multicenter study performed by Montagna et al. [8] has demonstrated, as the main methods to perform Legionella prevention and control for the water network, were shock treatment and chlorination.
The shock treatment consists of a thermal disinfection of hot-water distribution systems performed at a temperature between 70-80 • C starting from the hot water storage heater. The temperature must be maintained in all outlets, faucets, and shower heads at least 30 min at 60-65 • C, for three consecutive days [7, 9, 10] .
Several studies showed as the main disadvantage of shock treatment is its transitorily effect on bacterial community structure, e.g., biofilm, that was not removed preserving pathogenic Legionella niche [11] [12] [13] .
Chlorine is the most common chemical disinfectant used in water (including drinking water), acts as an oxidizing agent, and reacts with several cellular constituents including the cell membrane of microbes. To perform Legionella control, plumbing water systems can be treated using chlorine as a shock hyperchlorination (residual chlorine concentration at distal outlets of 20-50 mg/L) or as continuous treatment using a concentration of 1-2 mg/L [10] . Although different studies have shown good performance using these methods to assess Legionella contamination, a reduction of effectiveness over a long-term period was consistently demonstrated [10, [14] [15] [16] . However, increasing evidence suggests that humans are exposed to residual byproducts of water chlorination such as disinfection byproducts (DBPs) through drinking-water, oral, dermal, and inhalational contact. During the chlorination, especially by hypochlorous acid and hypobromous acid, the reaction with naturally occurring organic matter present in raw water supplies, create many water DBPs, including the four primary trihalomethanes: chloroform (CHCl 3 ), bromodichloromethane (CHCl 2 Br), dibromochloromethane (CHClBr 2 ), and bromoform (CHBr 3 ), that can have adverse effects on human health [17] [18] [19] [20] .
Disinfection methods other than chlorination have been suggested for Legionella control in water, such as ozone treatment, copper and silver (Ag + ) ionization, monochloramine, point-of-use filters, and UV light. These measures have been tested over the last 30 years and are effective at controlling the growth of Legionella, all of them presented advantages and disadvantages that must be carefully considered [10, 16] .
Different studies have focused in the last years on the role of oxidizing agents, notably hydrogen peroxide (H 2 O 2 ), as disinfection treatments. The use of H 2 O 2 as a biocide is widespread, and it is increasingly used as a general surface disinfectant in the medical, food, and industrial fields, as well as for water treatment [21, 22] . H 2 O 2 is completely soluble in water and is stabilized in commercial formulation for disinfection treatment. It is compatible with different pipeline materials, and does not react with the organic constituents in the water to form dangerous residues with respect to chlorine, sodium hypochlorite (NaOCl), and monochloramine treatment. H 2 O 2 decomposes rapidly in different environmental conditions due to microbial catalase and peroxidase, and other than abiotic action, the decomposition is promoted by heavy metal, oxidative, and reductive reactions. It shows a broad antimicrobial spectrum and has been shown to be active against bacteria, yeast, fungi, viruses, spores, proto-, and metazoans [23] [24] [25] .
A disadvantage of using H 2 O 2 is that its potency is influenced by several factors: pH, temperature, or the presence of substances that hamper its reactivity [26] . Since H 2 O 2 is a renowned disinfectant, legislation [27] allows its use for the disinfection of water and in food; additionally, this compound is generally considered to have low eco-toxicity, as well as no odor or color [23, 28] .
To enhance its activity, H 2 O 2 is sometimes used in combination with other oxidants such as ozone, Ag + , or UV radiation [24] . Silver, a biologically non-essential metal, has been investigated and used as a biocide for many years [29] , and multiple strategies have been proposed for its use to treat drinking water [30] [31] [32] . Indeed, the World Health Organization (WHO) allows its use in drinking water. It is thought that concentrations up to 50 µg/L (ppb) in drinking water pose no risk to health [33] .
The literature contains several accounts of the properties, germicidal effectiveness, and potential uses for stabilized H 2 O 2 in healthcare facilities [34] [35] [36] [37] . In 2015, Martin et al. [24] have demonstrated that Huwa-San peroxide (HSP), a new generation peroxide stabilized with ionic silver and suitable for continuous disinfection of potable water, preferentially interacts with the bacterial cell surface in a mechanism likely mediated by silver. Furthermore, treatment of hospital hot water systems with various formulations of H 2 O 2 /Ag + compounds prevents contamination by Legionella and other microorganisms because of its bactericidal properties [38] [39] [40] .
The H 2 O 2 /Ag + formulation is stable at high temperatures, and its disinfection power increases significantly as water temperature increases. In a hot water system, a temperature range of 40-50 • C and a residual disinfectant concentration of 20-25 mg/L, seems to be able to induce a Legionella control [41, 42] . Casini et al. suggested therefore, how a continuous feed rate of approximately 25 mg/L, was able to control the planktonic population, and silver can be deposited on the piping system, promoting a bacteriostatic effect [42] .
Different commercial formulations based on H 2 O 2 /Ag + are available to control Legionella contamination, but many studies lack data about the hospital settings and long-term applications.
Our study evaluated the effectiveness of a new disinfectant, Water Team Process 828 (WTP 828), based on H 2 O 2 and Ag + salts in the hot water distribution networks at Maria Cecilia Hospital (MCH), Cotignola (RA), Italy, controlling Legionella contamination.
The hospital is comprised of three buildings connected to each other but were built and submitted to renovation works at different times. The plumbing system comprises a single cold water supply and three different hot water return lines. These characteristics permitted us to study the activity of WTP 828 as three separate hot water networks (HWNs), modulating the dosage with respect to the level of Legionella contamination found. Legionella level in response to disinfection treatment was also studied by taking into account the following water network characteristics: building area, annual water consumption, hospital activities involving the use of water, that can influence the Legionella contamination and the disinfectant exposure to distal outlets [16] . The isolates were typed using an agglutination and genotyping approach to assess the distribution of strains in the buildings. The effect of WTP 828 was also tested on Pseudomonas aeruginosa (P. aeruginosa), one of the main components of biofilm [43] , and HPC at 36 • C, commonly used as an indicator of water quality, and to monitor the effectiveness of disinfection treatment [33, 44] .
The physical and chemical parameters were also measured during implementation of WTP 828 treatment in all buildings in order to maintain the water quality characteristics [45, 46] and preserve the plumping system materials.
The purpose of the study is to perform an extended investigation on the effect of H 2 O 2 /Ag + treatment in a complex hospital water network system. The goal is to control Legionella infections throughout a risk assessment model based on the use of a low-cost disinfectant, easy to dose, and less aggressive on the material pipelines, with quick and safe monitoring of residual concentrations at distal outlets. This model associated to ordinary and extraordinary maintenance procedures (e.g., flushing, temperature control, and cleaning activities) could be extended to other hospitals, companies, and leisure facilities, where water represents a risk for public health.
Results

Legionella Contamination
The following results were obtained during the two phases of the study according to Italian Guidelines for prevention and control of legionellosis [7] that take into account the concentration of bacteria in relation to four levels of risk (<100, 101-100, 1001-10000, >10000 UFC/L) and the number of positive on the total number of samples collected. The measures to apply, in order to contain the risk, are different if the percentage of positive samples are <20% or >20%.
WTP1 Phase (October 2013 to March 2015)
The data were obtained from the analysis of 53 hot water samples spread throughout the three buildings. We observed different Legionella contamination trends in the MCH buildings (Table 1) : 16/25 positive samples (64.0%) in Building 1, 13/23 positive samples (56.5%) in Building 2, and 3/5 positive samples (60.0%) in Building 3. The WTP1 phase was also compared with Legionella contamination data collected during the previous disinfection treatment involving the ClO 2 mixture. Although we observed a change in the percentage of Legionella-positive samples in MCH (Building 1-2-3) from 95.0% to 60.0%, no statistical differences were observed in terms of Legionella contamination levels following the introduction of WTP 828. The analysis of Legionella contamination inside each building revealed a significant change in the mean Legionella levels only in Building 2 (p = 0.045) ( Table 1) .
WTP2 Phase (September 2014 to October 2015)
In the second phase of the study, we observed a reduction in terms of the percentage of Legionella-positive samples in MCH with respect to the WTP1 phase (from 60% to 35.8%) ( Table 1 ). The same trend was also observed for the Legionella contamination levels (p = 0.0001). The results inside each building show a marked reduction in the percentage of Legionella-contaminated sites in Building 2 (from 56.5% to 7.0%) and Building 3 (from 60.0% to 34.0%); by contrast, the percentage of positive samples was only slightly reduced in Building 1 (from 64.0% to 58.1%).
The Legionella contamination levels displayed a significant difference between the WTP1 and WTP2 phases for Building 2 (p = 0.046) and Building 3 (p = 0.048) ( Table 1 ). No statistical difference between phases was observed for Building 1, in which Legionella contamination levels of 1000 CFU/L were detected and, in accordance with Italian Guidelines [7] , two shock treatments, increasing up to 50-60 mg/L of WTP 828, were performed (from February to March and from July to August 2015), resulting in a concentration of 25-30 mg/L at distal outlets.
The data collected from the WTP2 phase were also compared with Legionella contamination data obtained during disinfection with the ClO 2 mixture. The comparison revealed significant differences for Buildings 2 (p = 0.0001) and 3 (p = 0.045) and no significant differences for Building 1 ( Table 1) .
During the study, the water reserves, softener, and tap water output sites were Legionella-free (below the detection limit of the culture technique used, i.e., 50 CFU/L).
To study the risk of Legionella disease that could be derived from the approach used during WTP 828 treatment (WTP1 and WTP2 phase) with the outcomes after ClO 2 mixture treatment, we used two measures of risk provided by epidemiological studies: OR in a retrospective approach, and RR in a prospective study. Comparison of the ClO 2 mixture with WTP1 (OR, 0.3) indicated that WTP 828 was not particularly effective in any of the MCH buildings (p = 0.048); however, comparison of the ClO 2 mixture with WTP2 (OR, 15.44) revealed a significant improvement in Legionella control with respect to the latter (p = 0.0001). A prospective study indicated that the level of contamination during the WTP1 phase was higher than during the WTP2 phase (RR, 0.36, p = 0.002), showing a decrease in Legionella risk ( Table 2 ). 
Legionella Typing
The isolates from the WTP1 and WTP2 phases were serotyped and genotyped using standard techniques. The agglutination test permitted us to identify L. pneumophila serogroup 1 (SG1) and two Legionella species in 138/349 positive samples (39.0%). The SBT method assigned ST1 and ST104 to L. pneumophila SG1 isolates in 74/138 (53.6%) of the samples, while mip gene sequencing identified, L. anisa and L. rubrilucens, in 35/138 (25.3%); the remaining 29/138 (21.0%) samples contained a mixture of the previously described strains.
The results revealed that each HWN building was colonized by a different mixture of Legionella spp. Accordingly, Building 1 isolates were the most diverse with L. pneumophila SG1 (ST1 and ST104) and L. species (L. anisa and L. rubrilucens). All Building 2 isolates belonged to L. pneumophila SG1 (ST1 and ST104), and Building 3 samples demonstrated the presence of L. pneumophila SG1 (ST1), with some samples containing a single L. species strain (L. anisa or L. rubrilucens).
The serotyping and genotyping data about the bacterial concentration ranges (log 10 CFU/L) are presented in Table 3 . During the study period, no significant association was found between Legionella colonization in the buildings and specific serogroups or strains. However, in Building 1, as after the two shocks treatment (February-March 2015 and July-August 2015), we observed a decrease in L. pneumophila SG1 levels, and detection of the other species, mainly L. anisa and L. rubrilucens. More experiments are still in progress.
Pseudomonas aeruginosa and HPC Typing
During the previous treatment by ClO 2 mixture, the risk assessment plan for Legionella surveillance was performed without control of HPC at 36 • C and P. aeruginosa. After the introduction of WTP 828 treatment, during the study period (WTP1 and WTP2 phase), 349 hot water and 65 cold-water samples distributed among distal outlets, water reserves, softener, and tap water outputs of MCH were also analyzed for the presence of P. aeruginosa and HPC at 36 • C.
P. aeruginosa was not detected (as prescribed in D. Lgs 31/2001) [46] in either cold or hot water samples.
The HPC at 36 • C results for each building expressed as the mean concentration ± SD (log 10 CFU/mL) were as follows: 0.82 ± 0.25 for Building 1 (0.48-1.20 log 10 CFU/mL), 0.77 ± 0.65 for Building 2 (0.30-0.90 log 10 CFU/mL), and 0.94 ± 0.35 (0.48-1.11 log 10 CFU/mL) for Building 3.
At all sites, the contamination range was lower than the D. Lgs 31/2001 [46] limit of 20 CFU/mL (1.3 log 10 CFU/mL).
Physical and Chemical Parameters of Water
The physical and chemical parameters linked to the quality of water after disinfection with WTP 828 were measured only during the WTP2 phase when relevant changes were made to the risk assessment plan. A total of 296 hot water and 65 cold water samples were analyzed. Physical and chemical data related to previous disinfection treatments and to the WTP1 phase are not reported because the Legionella surveillance during these phases took into account only bacteriological parameters.
The hardness, turbidity, and conductivity of the water (all of which are associated with the release of iron and total phosphorus) in the cold and hot water systems were not affected by WTP 828 treatment; these data are in agreement with recommendations established by Italian legislation [46] . In particular, the mean concentration of Ag + remained lower than the detection limit (3 µg/L) and in line with WHO Guidelines for drinking water [33] . These results are shown in Table 4 . 
LD Surveillance
During the study (WTP1 and WTP2 phases), 32 patients underwent urine antigen testing and other diagnostic tests because of suspected pulmonary signs of pneumonia. The negative results obtained confirmed the absence of cases of nosocomial legionellosis.
Discussion
In this study, the effectiveness of WTP 828 was evaluated in a MCH water system because of its unique layout (i.e., constructed as three separate buildings). The water distribution system is characterized by a single tap water output, and each building is equipped with its own hot water return line and water disinfection treatment system. Before the introduction of WTP 828, MCH implemented a disinfection approach of continuous treatment with a ClO 2 mixture (dosage of 0.5 mg/L). This type of treatment led to corrosion of some parts of the plant and a visible decrement of the efficiency of Legionella colonization containment, as demonstrated by the high number of Legionella-positive samples in the three buildings (114/120, i.e., 95.0%) and the presence of P. aeruginosa in some water outlets, found during not routinely control (data not shown). In October 2013, the MCH Health Director decided to introduce WTP 828 into Building 2, as well as at available sampling points in Buildings 1 and 3.
The results obtained were discussed, for each MCH building, in relation to the period of WTP 828 introduction, as follows: Introduction of WTP 828 during the WTP1 phase (led to an overall reduction of the percentage of Legionella-positive samples (from 95% to 60.0%) when compared with the ClO 2 mixture. Preliminary results showed that WTP 828 treatment led to a marked reduction of contamination in Building 2 (p = 0.046); these results can be explained by the observation that Building 2 was the first building to undergo WTP 828 treatment. Additionally, this building has never been refurbished or otherwise altered since it was built. By contrast, Buildings 1 and 3 underwent an upgrade of the water distribution system and the construction of new accommodation sites, thus accounting for the small number of samples collected due to the absence of outlets.
These results are in line with Italian Guidelines and other authors [7, 10] , regarding the needs to have a broad knowledge of the buildings characteristics, the water distribution system, the pipelines material, and the disinfectant interaction with them, before to choose the disinfection method to use. As described by other authors, many actions undertaken during renovation works can induce a mobilization of biofilm and alter the flushing of disinfectant at distal outlets due to the lower water consumption and the closing of some outlets. The particulate and the increase of water turbidity, produced by structural works, can induce a decomposition of oxidants such as H 2 O 2 [10, 47, 48] . Moreover, distal outlets in some parts of the hospital are seldom used: In particular areas of the hospital (surgeries room, intensive care units, etc.) the sterile water is preferred to the tap water, therefore the consumption of tap water is lower too.
The conclusion of accommodation works and the completion of the final structures within Buildings 1 and 3 allowed us to implement the risk assessment plan for Legionella control and to increase the number of sampling sites and the frequency of sampling, according to several studies indicating that routine cultures of the hospital water supply for Legionella may provide an important strategy for the prevention of legionellosis outbreaks [49] .
To assess the effectiveness of WTP 828, we compared data obtained during the WTP1 phase with those obtained during the WTP2 phase. We observed a reduction both in the percentage of positive samples and the mean Legionella levels in all buildings during WTP2. In detail, a significant reduction in the amount of Legionella contamination was observed in Buildings 2 and 3 (p = 0.001 and 0.037, respectively). Legionella control was then maintained for the entire duration of the study.
The observed differences in Legionella colonization between the buildings can be ascribed to the different uses and water consumption in these buildings. Risk factors that should not be overlooked are, in fact, the scale of the extension, connection of existing pipes within the newly constructed branched networks, presence of dead branches, pipe characteristics (e.g., materials, age), treatment of the water system (e.g., water softening and disinfection), intended utility, and maintenance procedures [20] . In light of these considerations, we also investigated our results in relation to data concerning annual water consumption in each building size, number of water outlets, pipe materials, and the timing of renovation works.
Building 1 has six levels and covers an area of 18,539.93 m 2 . It mainly comprises offices, surgery rooms, operating rooms, and diagnostic rooms, some of which only require the use of sterile water; therefore, overall water consumption is limited. In this building, the third floor hosts a technical room for air treatment without water outlets; therefore, some closed pipes are present. The water consumption (1913 m 3 /year) indicated a much lower use than in Building 2 (3017 m 3 /year), suggesting lower water flushing from the outlets. It is evident that low use and stagnation of water may affect the activity and delivery of disinfectant, reducing its effect on the microorganisms [50, 51] . The renovation works were completed in 2015. The pipelines that made up the water network comprised mainly multilayer PVC, which increases biofilm formation [52] [53] [54] [55] [56] [57] . Our data revealed that, despite a reduction in the percentage of Legionella-positive sites and mean Legionella levels, WTP 828 was not completely effective in this building, demonstrating continuous fluctuations in the amount of Legionella spp. colonization. Corrective measures have since been implemented; these include two chemical shock treatments as above described and the implementation of maintenance hospital procedures such as increasing the flushing time once a week and during weekends, anti-scale procedures at each distal outlet (every fifteen days), and strictly cold and hot water temperature control weekly [12] . The long-term effects of our interventions resulted in the maintenance of Legionella contamination levels below the range of alert prescribed by the Italian Guidelines (101-1000 CFU/L); this will limit the risk of exposure and preserve the health of patients and workers.
In Building 2, the presence of multiple outlets (336) and some facilities with high water consumption (e.g., cafes, restaurants, and markets) suggested that water flushing facilitated the circulation of the disinfectant in the plumbing system, reducing the number of bacterium-positive samples and the Legionella concentration, in accordance with a study by Douterelo et al. [50] . The water distribution system consists of mainly galvanized iron, which, as suggested in the literature, on the contrary to plastic material, such as polyethylene (PE) and polyvinylchloride (PVC) [54, 57] , together with prolonged use of the WTP 828 disinfectant, may help to inhibit Legionella colonization and enable the maintenance of this inhibition over long periods.
Building 3 is the smallest structure of MCH, covering an area of 1271.06 m 2 . The total annual water consumption in this building is 589 m 3 per 129 outlets. The services (two food preparation areas) and in-patient rooms allow the daily circulation of disinfectant within the plumbing system, thereby contributing to the effectiveness of WTP 828 in controlling Legionella contamination levels in this building.
The impact of the disinfectant used (WTP 828 or ClO 2 mixture) and the type of approach applied in MCH to reduce the risk of acquiring Legionella disease was therefore studied by calculating OR and RR epidemiological measures. Significant results were obtained comparing WTP 828 versus ClO 2 by calculating the OR measure, which showed that the introduction of WTP 828 after replacement of the ClO 2 mixture was a good strategy to decrease risk in MCH, increasing control of the Legionella contamination level. By comparing the two different phases of our study, WTP1 versus WTP2, in a prospective approach using the RR measure, showed that the approach implemented during the WTP2 phase characterized by a new monitoring plan, the increase in the number of samples and adoption of a new protocol of flushing, cleaning and disinfectant monitoring, can help to decrease the risk of acquiring the disease.
The risk of Legionellosis is linked to different factors such as personal characteristics and immunodeficiency status, but such personal risk factors can also enhance the risk of acquiring the disease when environmental control is not correctly performed or is underestimated [58, 59] .
The serotyping and genotyping data revealed different colonization patterns in MCH buildings, but we did not find a significant association between the presence of some Legionella strains in MCH buildings.
Different authors have suggested that changes in the disinfection treatment regime (e.g., the type of disinfectant) or the dose (e.g., shock treatment) might influence the type of Legionella strains that become prevalent [42, 47, [60] [61] [62] . In agreement with these observations, the increased WTP 828 dosage used during the shock treatment performed two times in Building 1 resulted in a reduction in L. pneumophila SG1 and increases in L. species: L. anisa and L. rubrilucens (data not shown).
The absence of P. aeruginosa from water samples during the study period seems to indicate a good effect of WTP 828 on the containment of these bacteria with respect to previous evidence provided by the MCH Health Director. During the previous treatments with ClO 2 , the release of pipelines materials, the presence of accommodation works, and a lack of cleaning procedures favored the growth of P. aeruginosa (data not shown). The introduction of routine cultures of this bacterium in hot and cold-water samples suggested in the MCH study, also helped to control the efficiency of the cleaning procedures, other than evaluate the biofilm presence, where Legionella and other microorganisms become more resistant to antibiotics and disinfectants [48] .
In detail, the protocol undertaken by the cleaning staff every fifteen days, i.e., cleaning and flushing procedures (e.g., disinfecting the taps and showers and flushing cold and hot water outlets) played an important role in preventing biofilm formation [63, 64] , which can support Legionella growth. Semiannual meetings with the stakeholders and hospital staff to inform them of the bacterial infection risk and the procedures undertaken to reduce such risks were also useful.
HPC is an indirect indicator of water quality and is often used to assess the efficacy of water treatment and to measure the amount of heterotrophic bacteria colonization in distribution systems. Despite some studies showing the absence of a correlation between levels of HPC bacteria and human infection, suggesting that HPC levels are not highly predictive of Legionella colonization, the control of this parameter could help to understand whether the water system contains potentially infectious organisms [33, 44] . Our results indicated that WTP 828 performed well with respect to HPC containment during the entire study period, maintaining levels below directive limits [46] .
A weakness of this study is that we were unable to demonstrate that WTP 828 treatment did not affect the physical and chemical parameters of the water in all study periods. Data regarding previous disinfection treatment with the ClO 2 mixture, along with data from the WTP1 phase, were missing; therefore, we could not compare changes in water quality that occurred during all study periods, underscoring the important role played by environmental monitoring of physical and chemical parameters when demonstrating the efficacy of a disinfectant. By contrast, the control of these parameters during the WTP2 phase allowed us to monitor the effect of the disinfectant on water pipes, take measures to prevent damage to the water network, and maintain the quality of "drinking water" to prevent risks to human health.
According to Borella et al. [10] , the choice of WTP 828 has been carried out also on a careful evaluation of a cost-effective analysis, considering the system of disinfectant production (pump or others), the maintenance costs (disinfectant provision, service, etc.) and the potential dangerous effect on water pipelines, other than the possibility to safety measure disinfectant residues to outlets by colorimetric strips by staff.
Materials and Methods
MCH Structure and Water Outlet Characteristics
This study was conducted at Maria Cecilia Hospital (MCH), an Italian hospital founded in 1973 located in Cotignola (RA, Emilia Romagna).
The structure of the hospital is complex as it comprises three separate buildings (Buildings 1-3) built during different years and covering a total area of 27,989.64 m 2 (Supplementary Figure S1) . Buildings 1 and 3 were constructed in 2001 and subjected to renovation or enlargement works until 2015. Building 2 is the main MCH building and did not undergo any changes in its structure during the whole study period.
These characteristics permit the study of WTP 828 activity as three separate HWNs and allow modulation of the dose with respect to the level of Legionella contamination, water demand, intended use, and renovation works ( Supplementary Table S1 ).
At the end of the renovation works, the final structure of MCH had 122 in-patient rooms, each with one or two beds and an en-suite bathroom. There were 212 beds in total, mainly located in Building 2, and 769 water outlets (e.g., taps and showers) located in in-patient rooms, communal areas, diagnostic and operating rooms, offices and services, as follows:
• Building 1 covers an area of 18,539.93 m 2 and has six floors with communal areas for the guests (e.g., bar, restrooms), operating rooms, outpatient services (diagnostic and consulting rooms), intensive care units, and 27 in-patient rooms located on the second floor. In this building, 21 sampling points and one hot water return line point were identified. Two of the 21 sampling points in in-patient rooms were monitored monthly, on a rotational basis by room number ( Supplementary Table S1 ). • Building 2 covers an area of 8178.68 m 2 , with six floors with 70 in-patient rooms distributed on floors one to four. Twenty-two sampling points were monitored (21 plus one hot water return line point) in this building, ten of which were in in-patient rooms, which were monitored monthly and rotated by room number ( Supplementary Table S1 ). • Building 3 covers an area of 1271.06 m 2 and was recently expanded, with a complete renovation in February 2015. The building has six floors, with 25 in-patient rooms located on the third and fourth floors. Due to their size and comfort, these rooms are designated as "suites" and are reserved for long-term guests. There were 13 sampling points (and one hot water return line point) in this building, six of which were in in-patient rooms, which were monitored monthly and rotated by room number ( Supplementary Table S1 ).
Hospital Water Network (HWN)
The hospital plumbing system is very complex, partially antiquated, and (depending on age built) predominantly made up of galvanized iron and polyvinylchloride (PVC) multi-layers. The HWN was coated with an anti-scale treatment to create a protective film on the galvanized iron and PVC surface, as suggested by WHO guidelines in 2011 [32] . It consists of a product based on natural mineral salts such as orthophosphates, polyphosphates, and alkaline silicates dosed at 0.1 mg/L. The MCH structural characteristics, material pipelines, and water consumption for each building were kindly provided by Health Direction and described in Supplementary Table S1 .
All buildings are supplied with the same municipal water aqueduct, which brings water from the Ridracoli dam located 53 km from Cotignola. The water is first collected in two 30 m 3 water reservoirs outside the buildings. After filtration through a 150 µm pore size filter, water is fed into two pipelines: one to the cooling towers and refrigerant circuit (a closed loop hydraulic system) and the other to the water treatment station (an open loop hydraulic system). A plan of the water distribution network is shown in Figure 1 . A heat exchanger maintains the temperature of the cold water in the treatment station at < 18 °C; the hardness of cold water is treated with a general softener to reduce its value between 12-15 °f (water moderately hard), which is in line with Italian and European Council directives [45, 46] . Some of this water supplies the sterilizers after reverse osmosis treatment, and another portion is used as cold water by the hospital. The cold water is distributed to the substations within each building through a single tap water output. Three different heat exchangers (one at each substation) produce hot water. The cold and hot water circuits are independent of one another, and each building has its own hot water return line.
WTP 828
Water Team Process 828 (WTP 828) developed by an Italian Company involved in disinfectant production (Water Team S.r.l., Forlì (FC), Italy) is a multi-component oxidizing biocide formulated using a stabilized combination of H2O2 (34%, wt/wt) and Ag + salts (0.003%, wt/wt) in demineralized water, resulting in a highly effective disinfection solution. The formulation is covered by Italian regulation on intellectual property rights and actually is under investigation to acquire a patent. It is licensed by European and Italian legislation [27, 65] for its application in drinking water. The synergistic action of H2O2 and Ag + salts renders the biocide more powerful than H2O2 alone [66, 67] . Ag + was used to increase the activity of the peroxide, and Ag + forms an insoluble salt at distal points and is able to attach to pipes and exert bacteriostatic effects on biofilms [41, 68] .
The WTP 828 is injected into mixed water (hot/cold) after hot water output downstream from the heat exchangers and dosed proportionally to the volume of water supply.
WTP 828 was introduced into MCH for the first time in October 2013 after replacement of a previous disinfection system based on a continuous treatment performed with chlorine dioxide (ClO2 mixture) at a dosage of 0.5 mg/L. This treatment, which was used from September 2009 to September 2013, had compromised the water pipelines and corroded some parts of the plant, thereby reducing efficacy with respect to Legionella colonization and supporting the presence of P. aeruginosa in some water outlets. A heat exchanger maintains the temperature of the cold water in the treatment station at <18 • C; the hardness of cold water is treated with a general softener to reduce its value between 12-15 • f (water moderately hard), which is in line with Italian and European Council directives [45, 46] . Some of this water supplies the sterilizers after reverse osmosis treatment, and another portion is used as cold water by the hospital. The cold water is distributed to the substations within each building through a single tap water output. Three different heat exchangers (one at each substation) produce hot water. The cold and hot water circuits are independent of one another, and each building has its own hot water return line.
Water Team Process 828 (WTP 828) developed by an Italian Company involved in disinfectant production (Water Team S.r.l., Forlì (FC), Italy) is a multi-component oxidizing biocide formulated using a stabilized combination of H 2 O 2 (34%, wt/wt) and Ag + salts (0.003%, wt/wt) in demineralized water, resulting in a highly effective disinfection solution. The formulation is covered by Italian regulation on intellectual property rights and actually is under investigation to acquire a patent. It is licensed by European and Italian legislation [27, 65] for its application in drinking water. The synergistic action of H 2 O 2 and Ag + salts renders the biocide more powerful than H 2 O 2 alone [66, 67] . Ag + was used to increase the activity of the peroxide, and Ag + forms an insoluble salt at distal points and is able to attach to pipes and exert bacteriostatic effects on biofilms [41, 68] .
WTP 828 was introduced into MCH for the first time in October 2013 after replacement of a previous disinfection system based on a continuous treatment performed with chlorine dioxide (ClO 2 mixture) at a dosage of 0.5 mg/L. This treatment, which was used from September 2009 to September 2013, had compromised the water pipelines and corroded some parts of the plant, thereby reducing efficacy with respect to Legionella colonization and supporting the presence of P. aeruginosa in some water outlets.
The WTP 828 concentrations during the study were modulated according to the microbiological results for each building. In particular, the initial dose of 30 mg/L resulting in a final concentration of 5-10 mg/L at distal outlets remained the same in Buildings 2 and 3 throughout the whole study period. By contrast, two shock treatments were required in Building 1 (from February to March and July to August 2015); at these times, the injected dose of WTP 828 increased up to 50-60 mg/L, which resulted in 25-30 mg/L of H 2 O 2 at the distal outlets.
Study Design
This study was conducted in two experimental phases designated WTP1 and WTP2 in relation to the timing of the introduction of WTP 828, the renovation or enlargement works conducted in the buildings and the acquisition of a new risk assessment plan. The data collected during the WTP1 and WTP2 phases were then compared to evaluate differences in the efficacy of the WTP 828 treatment in the HWNs of the three buildings.
These data were then compared with the data obtained during disinfection with the ClO 2 mixture (i.e., ClO 2 mixture versus WTP1 phase and ClO 2 mixture versus WTP2 phase) to assess the effects of WTP 828 on Legionella contamination.
The details of the study period for each building are described below:
• During the WTP1 phase, disinfection with WTP 828 started in Building 2 in October 2013 and in some locations within Buildings 1 and 3, which were under construction or undergoing expansion in this period.
Sampling of hot water systems was performed according to the risk assessment plan, which was approved by the MCH Health Director and the Local Authority. There were 29 sampling points spread throughout the three buildings among consulting and diagnostic rooms, wards, common areas, and in-patient rooms, which were monitored every four months on a rotational basis. During this phase, a total of 53 samples were subjected to microbiological analysis for detection of Legionella, P. aeruginosa and heterotrophic plate count (HPC) bacteria at 36 • C, and data were collected.
During the WTP2 phase, renovation works of Buildings 1 and 3 were completed (January 2015 and April 2015, respectively). WTP 828 treatment was extended to all parts of these buildings and, based on preliminary results regarding WTP 828 efficacy (WTP1 phase), a new risk assessment and monitoring plan were adopted.
In accordance with Italian Guidelines [7] , sampling points were chosen at the following three locations: in the vicinity of, mid-way to, and away from the technical room. The location of the sampling points took into account the size of the building, the number of in-patient rooms, the health services provided, the risk of patient, and worker exposure to bacteria and epidemiological data.
Every month, samples were collected from the technical room: one from the aqueduct, two from the cold water reserves, one downstream of the general softener treatment, one from a tap water output, and three from the hot water return lines (1a for Building 1, 1b for Building 2, and 1c for Building 3), and from another 55 sampling points in offices, consulting and diagnostic rooms, wards, common areas, and in-patient rooms (63 points in total). Despite the large number of in-patient rooms, the alternating sampling method enabled sampling of almost all in-patient rooms in the three buildings.
The increased time of monitoring (from once every four months to monthly), extension of the disinfection treatment, and development of a final MCH structure permitted the study of the modulation of microbiological and physical-chemical parameters in a total of 296 hot water and 65 cold water samples.
Sample Collection and Microbiological Analysis
Hot water and cold water (2 L) were collected in post-flushing modality (running water for 1 min) in sterile polytetrafluoroethylene (PTFE) bottles containing a sodium thiosulfate solution (10%, v/v). Microbiological analyses were performed in accordance with ISO11731:2017 [69] to detect and enumerate Legionella. During Legionella surveillance, according to Italian Guidelines [7] , the level of risk took into account the concentration of bacteria and percentage of positive samples.
Samples were concentrated using 0.22 µm polycarbonate pre-sterilized filter membranes (Sartorius Stedim Biotech, Göttingen, Germany).
The concentrated samples (filtered, F) were then heated (for 30 min at 50 • C) to inhibit interfering microbiota (heated, H). Then, 0.1 mL of the untreated sample (UN) and 0.1 mL of each F and H sample were spread in duplicate onto GVPC agar plates (Legionella GVPC selective medium, Thermo Fisher Scientific, Oxoid Ltd., Basingstoke, UK), and incubated at 35.5 • C in a humid (2.5% CO 2 ) environment.
The plates were examined after four, eight, and 14 days, and colonies with a typical Legionella morphology (presumptive) were enumerated and confirmed by sub-culture on BCYE agar with and without cysteine. The isolates that grew on BCYE but failed to grow on the cysteine-free medium were verified serologically by an agglutination test (Legionella latex test kit; Thermo Fisher Scientific, Oxoid Ltd.). The data are expressed as the mean concentration ± standard deviation (SD) of the log 10 colony forming units (CFU) per liter of water (log 10 CFU/L) including all samples analyzed (positive + negative). The detection limit of the culture technique was 50 CFU/L. The samples with a value of <50 CFU/L were considered negative according to ISO 11731:2017 [69] .
Other microorganisms can affect the growth of cultivable Legionella, and the samples were simultaneously analyzed for the presence of P. aeruginosa, a known competitor of Legionella that inhibits its growth on medium [70] . The analyses were performed according to UNI EN ISO 16266:2006 [71] using a selective Pseudomonas agar (Biolife, Milan, Italy). The detection limit of the culture technique was 1 CFU/100 mL.
The heterotrophic plate count (HPC) at 36 • C was used as an indicator of the actual level of bacterial contamination at the sampling points. The HPC is a useful indicator of increased microbial growth, increased biofilm activity, extended retention times, water stagnation, or breakdown of the integrity of the system [33, 72] . The analyses were performed using a standard plate method based on tryptic glucose yeast agar (Biolife) in accordance with UNI EN ISO 6222:2001 [73] . The data are expressed as the mean concentration ± SD of the log 10 CFU per milliliter of water (log 10 CFU/mL) including all samples (positive + negative).
The detection limit of the culture technique was 1 CFU/mL.
Legionella Typing
Colonies identified by the agglutination test as belonging to the genus Legionella were subsequently analyzed by DNA sequencing. In particular, all strains identified as L. pneumophila were analyzed by sequence-based typing (SBT) to determine the sequence type (ST); strains identified as Legionella species were analyzed by mip sequencing. Genomic DNA was extracted from cultures using the InstaGene Purification Matrix (Bio-Rad, Hercules, CA, USA). SBT was performed according to an ELDSNet protocol (http://bioinforatics.phe.org.uk/legionella/legionella_sbt/php/sbt_homepage.php). The protocol was based on the sequencing of seven genes (flaA, pilE, asd, mip, mompS, proA, and neuA) and on the assignment of a ST allelic profile by the ELDSNet database (http://www.hpabioinformatics. org.uk/cgibin/legionella/sbt/seq_assemble_legionella1.cgi).
The strains that were serotyped by agglutination as L. species were then genotyped by mip gene amplification via the polymerase chain reaction (PCR) using degenerate primers, as described in 1998 by Ratcliff et al. [74] and modified by M13 tailing to avoid noise in the DNA sequence [75] . Gene amplification was carried out in a 50 µL reaction volume containing DreamTaq Green PCR Master Mix 2x (Thermo Fisher Scientific, OxoidLtd., Basingstoke, UK) and 40 pmol of each primer; 100 ng of DNA extracted from the presumptive colonies of Legionella was added as template. The same amounts of DNA from Legionella pneumophila (L. pneumophila) type strain EUL00137 provided by the European Working Group for Legionella Infections [76] and fetal bovine serum were used as positive and negative controls, respectively.
Following purification, DNA was sequenced using BigDye Chemistry and analyzed on an ABI PRISM 3100 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA). Specifically, mip amplicons (661-715 bp) were sequenced using M13 forward and reverse primers (M13 FW, 5 -TGTAAAACGACGGCCAGT-3 ; M13 RW, 3 -CAGGAAACAGCTATGACC-5 ) to obtain complete coverage of the sequenced region of interest. Raw sequencing data were assembled using CLC Main Workbench 7.6.4 software (https://www.qiagenbioinformatics.com/). The sequences were compared with sequences deposited in the Legionella mip gene sequence database using a similarity analysis tool (http://bioinformatics.phe.org.uk/cgi-bin/legionella/mip/mip_id.cgi). The identification at the species level was conducted based on 98% similarity to a sequence in the database [77] .
Physical and Chemical Parameters of Water
The physical and chemical parameters of water were analyzed only during the WTP2 phase, before this phase the hospital did not have any data on water quality as prescribed by WHO [49] .
Cold water samples (1 L) were collected from each of the following locations: the aqueduct, water reserves, softener, and tap water output. Hot water samples (1 L) were collected from each of the three hot water return lines and distal outlets. The pH, hardness ( • f), conductivity (µS/cm), turbidity (nephelometric turbidity units), total iron content (mg/L), total phosphorus content (mg/L of P 2 O 5 ), and Ag + content (µg/L) were monitored monthly during the session sampling.
The analysis of total iron and phosphorus content (orthophosphate, condensed phosphate, and organic phosphate) allowed us to monitor the maintenance of anti-scale and corrosion treatment.
Temperature ( • C) and residual WTP 828 levels [the peroxide component (mg/L)] were measured and recorded at distal outlets weekly in each building. WTP 828 (peroxide component) was measured using an MQuant™ Peroxide Test (Merck KGaA, Darmstadt, Germany) according to the manufacturer's instructions.
Other parameters were measured using different techniques according to standardized APAT CNR IRSA methods [78] .
In our study the disinfection treatment was performed by a disinfectant based on H 2 O 2 /Ag + , therefore the dosage of DBPs release in water is not necessary. The chemical water compounds measured are listed in Table 4 . The results are expressed as the mean value ± SD.
Data Analyses
Bacteriological data were converted into log10 x values to normalize the distribution for the correlation analysis. The normality of continuous variables was assessed using the Shapiro-Wilk test, and data are presented as the mean ± SD. Continuous variables were evaluated using one-way ANOVA and a post-hoc test (Bonferroni), and categorical variables were compared using the χ2 and Mann Whitney test. One-way ANOVA and the post-hoc test (Bonferroni) were conducted to assess differences between disinfectant treatments and between buildings.
To test the changes in Legionella risk between treatments, we used odds ratios (ORs) in a retrospective analysis and relative risk (RR) in a prospective analysis. In detail, OR was calculated for WTP1 versus the ClO 2 mixture and WTP2 versus the ClO 2 mixture, and RR was calculated for the prospective treatments (WTP2 versus WTP1). Statistical analyses were performed using STATA version 10.0 (Stata Corp., College Station, TX). A p-value < 0.05 was accepted as significant.
Hospital LD Surveillance
MCH performed active legionellosis surveillance beginning in 2013. Data were collected throughout the entire study period (WTP1 and WTP2 phases). The symptoms of legionellosis are consistent with an acute infection of the lower airways, with clinical and/or radiological signs of focal pneumonia. A preliminary diagnosis was routinely confirmed by a urine antigen test (Legionella Urine Antigen EIA, Biotest, Milan, Italy) and a serological immunofluorescence test (L. pneumophila IFA, Meridian Diagnostic Europe, London, UK).
Conclusions
It is often difficult to guarantee the absence of Legionella from water distribution systems, even if a disinfection system is in place. Our data revealed that differences in three buildings belonging to the same structure were linked to building size, water consumption rates, the number of outlets, and their intended use. WTP 828 performed well in terms of reducing Legionella contamination, but only a change in the study approach (adequate risk assessment plan, increase in monitoring samples sites, and alteration of the WTP 828 dosage in relation to the Legionella levels) facilitated the discovery of differences in Legionella colonization and an understanding of disinfectant activity dynamics.
Further investigations are needed to elucidate how the dose of disinfectant affects the presence of specific strains in each building and to generate a risk map highlighting the phylogenetic correlations between strains. The assessment of changes in colonization dynamics will be useful for controlling the concentration and type of disinfectant that can be used in a water system (i.e., shock or continuous treatment, bacterial resistance development) in relation to accommodation works and technical operations in the water network that could support Legionella proliferation.
The low cost of WTP 828, the dosage by a pump, the easy maintenance procedures and simple and safe check of disinfectant residue at distal outlets, suggest that the approach used in this study could be a valid alternative to traditional disinfection methods.
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